The cochlea and vestibular structures of the inner ear labyrinth develop from the otic capsule via step-wise regional and cell fate specification. Each inner ear structure contains a sensory epithelium, composed of hair cells, the mechanosensory transducers, and supporting cells. We examined the spatio-temporal expression of genes in the Notch signaling pathway, Notch receptors (Notch1-4) and two ligands, Jagged1 and Delta1, in the developing mammalian inner ear. Our results show that Notch1 and Jagged1 are first expressed in the otic vesicle, likely involved in differentiation of the VIIIth nerve ganglion neurons, and subsequently within the inner ear sensory epithelia, temporally coincident with initial hair cell differentiation. Notch1 expression is specific to hair cells and Jagged1 to supporting cells. Their expression persists into adult. Notch2, Notch3, Notch4, and Delta1 are excluded from the inner ear epithelia. These data support the hypothesis that Notch signaling is involved in hair cell differentiation during inner ear morphogenesis.
Results
We determined the inner ear expression patterns of the Notch receptors and ligands (Williams and Lardelli, 1995; Lindsell et al., 1996; Fleming et al., 1997 ) from mouse E10.5, when the otocyst just forms, through P1. At E10.5 both Jagged1 and Notch1 showed robust expression in the otic vesicle from which the cochlear and vestibular sensory epithelia and the VIIIth nerve ganglion develop ( Fig. 1 ; Fekete, 1996) . By E15.5, when initial hair cell differentiation occurs (Ruben, 1967; Zheng and Gao, 1997; Xiang et al., 1998) , Notch1 and Jagged1 expression was restricted to inner ear sensory epithelia (Fig. 2) . This specific expression pattern persisted through P1, when the majority of hair cells have differentiated (Ruben, 1967; Zheng and Gao, 1997) , in both the cochlea and vestibular structures (Fig. 1) . In addition to the sensory epithelial expression, both Jagged1 and Notch1 show low level expression in the inner ear mesenchymal tissue ( Figs. 1 and 2 ). In contrast, Notch 2, Notch3, Notch4 and Delta1 were not expressed in ear epithelia (Fig.  2) . Quantitative RT-PCR (Taqman) showed that both Jagged1 and Notch1 were expressed in the utricle with no apparent down regulation from E20 to adult (not shown). These results suggest that Jagged1 and Notch1, but not Notch2-4 or Delta1, may be directly involved in specification of the inner ear sensory cells.
To determine the cellular expression of Notch1 in the sensory epithelia, we analyzed ears from mice containing a transgene of green fluorescent protein (GFP) attached to the Notch1 promoter. In GFP-Notch1 promoter mice, cells expressing Notch1 fluoresce green. The distribution of Notch1 signal in GFP-Notch1 promoter transgenic mice was consistent between animals and was similar to that (Fig. 3A,B) .
At E10.5, GFP signal was observed in the otic vesicle (not shown), similar to in situ data. At E11.5, GFP signal was present in the facio-acoustic ganglion and cells within the ventral wall of the otic vesicle that appeared to be migrating into the facio-acoustic ganglion (Fig. 3C ), suggesting involvement of Notch1 signaling in specification of otic vesicle cells that differentiate into VIIIth nerve ganglion neurons. By E12.5, GFP signal in both the ganglion and the otic vesicle was not evident, indicating loss of Notch1 expression. GFP signal was again evident around E15 at the onset of initial differentiation of hair cells within the sensory epithelia. Fig. 1 . Jagged1 and Notch1 expression in E10.5 and E19 mouse ear. E10.5: Otic vesicle (ov), 2nd branchial cleft (*), oropharyngeal region (arrow), telencephalic vesicle (t). E19: Both expressed in sensory epithelia (arrows) of cochlea and vestibular utricle (utr) and saccule (sac). Top panels, representative brightfield images. Bar: E10.5, 400 mm; E19, 300 mm. Fig. 2 . Expression of Jagged1, Notch1-4, and Delta1 in E15.5 mouse ear. Jagged1 and Notch1 expressed in cochlear sensory epithelia, specifically where hair cells differentiate (arrows in brightfield). Notch2, Notch4 and Delta1 expressed throughout mesenchymal tissue, excluded from epithelial tissue. Notch4 also expressed in blood vessels. Notch3 not above background. Bar: row 1, 200 mm, row 2, 400 mm. Within the vestibular sensory epithelia, GFP fluorescence was observed specifically in hair cells but not in supporting cells, from E15 to Adult (Fig. 3D-F) , confirmed by double labeling with the hair cell marker, calretinin (Dechesne et al., 1994; Zheng and Gao, 1997) . Notch1 antibody staining of E20-P3 rat ear also showed hair cell specific labeling in vestibular structures (not shown).
In E15 cochlea, GFP positive cells were present at the medial edge of the epithelium where hair cells differentiate (Fig. 3G) . From E19-P1, GFP signal was visible in both inner and outer hair cells and inner spiral sulcus cells (Fig. 3H) . Hair cell specific expression persisted into adult (Fig. 3I) .
Jagged1 immunohistochemistry on E20-P1 rat ear sections showed that, in both cochlea and vestibular end organs, Jagged1 was localized specifically to supporting cells (Fig. 4A,B) . Similarly, by non-radioactive in situ hybridization, Jagged1 was expressed specifically in supporting cells (deep layer of the sensory epithelium; Fig.  4C-F) but not in hair cells in both cochlear and vestibular end organs. The unconventional expression pattern of Notch1 in terminally differentiated hair cells and Jagged1 in supporting cells suggests an instructive role for Notch signaling in ear, where Notch1 activation pushes a cell to choose one fate over another (Robey et al., 1996; Robey, 1997; Washburn et al., 1997) .
Experimental procedures

In situ hybridization
Radioactive in situ hybridization protocol was modified from Lu and Gillett (1994) using both formalin-fixed, paraffin-embedded and 4% paraformaldehyde fixed, OCT embedded mouse tissue. E18 rat Jagged1 non-radioactive in situ hybridization done as described previously (Hynes et al., 1995a; Hynes et al., 1995b) . Murine riboprobes: Jagged1 (corresponding to rat nt 702-2425, GenBank L38483); Notch1 (nt 3773-4639, GenBank Z11886); Notch2 (nt 575-1119, GenBank U31881); Notch3 (nt 6303-6875, GenBank X74760); Notch4 (nt 645-1300, GenBank U43691); and Delta1 (nt 1682-2324, GenBank X80903).
Taqman gene expression analysis
Total RNA from E20-adult mouse utricles prepared using RNeasy columns (Qiagen). Quantitative RT-PCR with the 5′-exonuclease assay using fluorescent non-extendible oligonucleotide probes (Taqman PCR detector, PE Applied Biosystems) done as described by Gibson et al. (1996) using Access RT-PCR reagents (Promega).
Green fluorescent protein (GFP)-Notch1 promoter transgenic mice
Notch-XHO-GFP construct made from 13.5 kb fragment of mouse 5′-Notch1 control region subcloned into pEGFP-1 (Clontech) and injected into the pronucleus of fertilized C57 Bl/6 eggs (Chrysalis, DNX Transgenic sciences). Founder mice for further breeding had one to two copies of the transgene (D.A.C., in preparation). No fluorescence was observed in control GFP negative littermates. While there was some variability between individual mice in the level of GFP expression, the same expression pattern was observed in F2 embryos derived from seven different transgenic GFPNotch1 promoter founder mice analyzed. 
Immunohistochemistry
Cryostat sections and immunostaining done as previously described (Lewis and Bridgman, 1996; Zheng and Gao, 1997) using primary antibodies recognizing calretinin (Chemicon), Jagged1 (C-20), or Notch1 (M-20, Santa Cruz Biotechnology) and Texas-Red or FITC conjugated secondary antibodies (Jackson Immunoresearch Laboratories). F-actin visualized using Texas-Red phalloidin (Molecular Probes).
